Reactive halogen species (RHS, X 2 and HOX, X= Cl, Br, I) are metabolites mediated by neutrophil activation and its accompanying respiratory burst. Destruction of the mitochondrial electron transport chain (ETC) of oxidative phosphorylation by RHS is considered to be associated with its antiseptic function and a destructive factor of inflammation. We have investigated the interaction between RHS and mitochondrial cytochrome c (cyt c) by using electrospray mass spectrometry and electron spin resonance (ESR). When the purified cyt c was reacted with an excess amount of hypochlorous acid (HOCl) at pH 7.4, the peroxidase activity of cyt c was increased by 4.5-, 6.9-, and 8.6-fold at mole ratios (HOCl/cyt c) of 2, 4, and 8, 
INTRODUCTION
Respiratory burst during phagocytosis of bacteria by neutrophils is a physiological response (1) . It is well known that during the respiratory burst, a number of enzymatic processes are activated which then act to produce oxygen metabolites. For example, the hexose monophosphate shunt is activated to increase glucose oxidation and production of CO 2 and NADPH (1) . Superoxide anion is generated by activation of NADPH oxidase; superoxide then dismutates to hydrogen peroxide (1) .
However, the respiratory burst of neutrophils or monocytes can also mediate the metabolism of halide and generate reactive halogen species (RHS) such as HOX and X 2 (X=Cl, Br, I) (1,2). In the presence of H 2 O 2 , a halide anion is a substrate in the peroxidative reaction catalyzed by myeloperoxidase (MPO) released from the primary granule (1, 3, 4) . The halide that is commonly most abundant is Cl (physiological concentration of 100 mM), and the reactive The MPO-compound I, which contains a porphyrin cation radical, is responsible for the oxidation of chloride ion to hypochlorous acid (HOCl 1 ) (3) (4) (5) . Other mammalian peroxidases can oxidize bromide and iodide in a similar manner (3, 5) .
Destruction of the mitochondrial electron transport chain of oxidative phosphorylation by RHS has been considered to be associated with HOCl s antiseptic function and to be a causative factor of neutrophil-mediated inflammation (6) (7) (8) . In support of this idea, mammalian cells and tissue treated with activated neutrophils (8) underwent a drastic loss of ATP and a significant increase of HOCl. Hypochlorous acid is a potent oxidant. It has been shown to deplete energy transduction in bacteria (6, 9) and induce apoptosis in human endothelial cells (10) . It may damage host proteins at sites of inflammation in vivo (11) . In addition, HOCl has been associated with loss of respiration via its oxidation of cytochromes (6) .
It has been shown that the protein modifications in vivo by HOCl are implicated as an important pathophysiological marker of stimulated neutrophils (12) . The oxidation of methionine residues in proteins of cells is one of the major protein modifications that can occur both in vivo and in vitro (13, 14) . This oxidation is usually associated with loss of biological activity in a wide range of proteins (13, 14) . HOCl-induced methionine oxidation in vitro has been demonstrated in some peptides and proteins, for example, bacterial chemotactic inactivation (15), 1 proteinase inhibitor (13, 14) , -macroglobulin (13) , and voltage-dependent potassium channel (16) . In addition, very high amounts of oxidized methionine were detected in the proteins of cells after neutrophil activation as evidenced by in vivo studies (17, 18) .
Cytochrome c (cyt c) is a small, globular heme protein localized in the intermembrane space of mitochondria and is present in high concentrations in mitochondria ( 200 to 400 M).
Physiologically, cyt c mediates electron shuttling between ubiquinol : cytochrome c reductase (complex III) and cytochrome c oxidase (complex IV) during mitochondrial respiration. In addition to its function in electron transportation, cyt c released from mitochodria to the cytosol is a pro-apoptotic factor (19, 20) .
It has been speculated that the location of HOCl-induced oxidation of cyt c is a methionine residue (21) . A blue shift in the Soret absorption and a loss of the weak 695 nm absorption band were interpreted as an indicator for oxidation of its 6 th heme ligand at Met-80 (22) . Other RHS such as HOBr and HOI also oxidize ferricytochrome c in a similar way.
However, there is no direct evidence supporting this speculation. In this investigation, our goal was to elucidate the structure and function of RHSmediated cyt c oxidation products. We used mass spectrometry to study the protein modification and to provide direct evidence that methionine residues are oxidized to methionine sulfoxide during the reaction. We found that the oxidation of cyt c changes its peroxidase activity and its ability to scavenge reactive oxygen species. The potential biological relevance of this reaction is discussed.
EXPERIMENTAL PROCEDURES
Reagents Diethylenetriaminepentaacetic acid (DTPA), horse heart cytochrome c, acetonitrile.
The cyt c concentration in mitochondria is ranges from 200 to 400 M (26, 27) . However, the concentration of cyt c leaking into the cytosol varies, depending on the physiological conditions causing the mitochondrial swelling (20, (28) (29) (30) . 
RESULTS

Spectrophotometric Analysis and Peroxidase Activity of HOCl-treated Cytochrome c
When HOCl was added to a cyt c solution, the cyt c absorbance at 695 nm progressively decreased for up to 15 min ( Fig. 1 ) in agreement with previous results (21) . The same result has been observed when cyt c was treated with Chloramine T (36, 37) . It has been speculated that this absorbance decrease is due to modification of the 6 th ligand (Met-80) of heme c (21, 22) .
Similar absorbance band bleaching, however, was also detected for the peroxynitrite-induced cyt c nitration, in which modification of the 6 th heme ligand is not involved (26) . HOCl treatment also produced a small blue shift in the Soret band of cyt c, which is similar to the report in the literature (21).
Purified mitochondrial cyt c has peroxidase activity with a turnover number of 5.5 min -1 under the assay conditions described in the Experimental Procedures. When cyt c was treated with HOCl at room temperature for 15 min, followed by passing the sample through a gel filtration column to remove excess HOCl, its peroxidatic activity increased dramatically (Fig. 2 ).
Maximal activation (8.6-fold enhancement) was observed at a molar ratio of HOCl/cyt c of 8:1.
It should be noted that a further increase in the amount of HOCl significantly bleached the heme spectrum at the Soret band (data not shown), indicating heme degradation as reported by Rosen et al. (38) .
Protein Oxidation of Cytochrome c by HOCl as Characterized by Mass Spectrometry -
In order to gain insight into the molecular mechanism of how HOCl interacts with cyt c, the HOCl-treated cyt c was dialyzed against 50 mM ammonium bicarbonate buffer, pH 7.9, for 8 h with one change of buffer. The dialysate was then subjected to analysis using mass spectrometry. to these ions is not observed in the mass spectrum of the tryptic digest of native cyt c (Fig. 4A ).
These data suggest that one oxygen is covalently-bound to one of the residues of cyt c in T13
(residue 61-72) and T16 (residues 80-86) upon HOCl-treatment.
To determine whether T13 or T16 might be the preferred domain for HOCl oxidation, the relative abundance of the oxidized protonated molecules was compared to the relative abundance of the unmodified protonated molecules (inset of 
. These results suggest that the T16 tryptic peptide is more selective for oxygen incorporation during HOCl-induced cyt c oxidation.
Because the porphyrin configuration of heme c is covalently bound to Cys-14 and Cys-17, it has been proposed that the thioethers of the heme pocket could be potential sites for RHS oxidation (21) . This speculation can be disproven by the observation of the molecular ion m/z = 817.5 (doubly protonated, z = +2), corresponding to the heme-containing peptide BAQCHTVEK (T5 peptide, B = Cys-14 + heme) with no corresponding oxygenated species (Fig. 4) .
To determine which amino acid(s) was covalently-linked with the oxygen, the MS/MS spectra of the (T16+O) + ion of m/z 795.5 and the (T13+O) 2+ ion of m/z 756.4 were acquired (Fig.   5 ). The MS/MS spectrum shown in Fig. 5B has been deconvoluted to the single charge state using MaxEnt software. In both spectra, both y and b ions (39, 40) are observed which correspond to cleavages along the peptide backbone. The y series ions result from C-terminal peptide backbone cleavages, and the b series ions result from N-terminal backbone cleavages. In both spectra, an ion due to the loss of 64 Da, SOHCH3, from the protonated molecule is observed, indicating the presence of a methionine sulfoxide (41, 42) . In addition, the loss of 64
Da is observed from some of the structurally informative fragment ions. These data allow the unequivocal assignment of the oxygen adduct to the methionine 80 residue of tryptic peptide T16
and methionine 65 residue of tryptic peptide T13.
Iodination of the Tyrosine Residues of Cytochrome c
A reaction system used to generate iodine from iodide provided an alternative means of studying the interaction between RHS and cyt c. One-electron oxidation of iodide to iodine can be catalyzed by N-chlorobenzenesulfonamide, and the reaction yields a mixture of I 2 , HOI, and (eqs. 3,4,5), whereas (Fig. 7A) . Formation of the protein radical adduct could be prevented by prior iodination of cyt c (vide ante), thereby indicating that tyrosine residues were involved in the radical formation (Fig. 7C) . Nonspecific proteolytic digestion of the enhanced immobilized nitroxide by pronase yielded an isotropic three-line spectrum with a N = 15.6 G, indicative of a tyrosyl radical adduct (Fig. 7D) . Assignment of this protein radical as the tyrosyl radical was confirmed with perdeuterated MNP (MNP-d 9 ) (Fig. 7E) (43, 44, 47, 48) .
Peroxidase Activity of HOCl-oxidized Cytochrome c Exhibited an Increasing Ability to
Oxidize Tyrosine to Tyrosyl Radical In the presence of H 2 O 2 , horseradish peroxidase (HRP)
can convert tyrosine to the tyrosyl radical as measured directly by fast-flow ESR (24) . To compare the activities of native cyt c and HOCl-cyt c, we immobilized small amounts of both on agarose beads (~11 nmol cyt c per ml of agarose beads) and packed the beads into a flat cell for ESR measurement (49) . With a solution containing tyrosine (2 mM) and H 2 O 2 (1 mM) flowing over immobilized HOCl-cyt c, the fast-flow ESR spectrum of the tyrosyl radical was significantly stronger than that obtained using immobilized native cyt c (Fig. 8) . The hyperfine coupling constants of the detected tyrosyl radical are the same as the values reported in the literature (24, 49, 50) .
A biologically-generated radical such as tyrosyl radical can react with glutathione (GSH) to form thiyl radical (GS ), then undergo further reactions to give superoxide (eqs 6, 7 & 8) (24).
Tyr + GSH Tyr + GS (eq 6) GS + GS GSSG (eq 7)
To test whether the RHS-enhanced peroxidase activity of cyt c could initiate the above reactions in the presence of H 2 O 2 , we measured oxygen consumption in a reaction mixture containing H 2 O 2 , tyrosine, and GSH. The addition of native cyt c did not cause any detectable oxygen consumption (Fig. 9A) . Replacement of native protein with RHS-treated cyt c (HOCl-oxidized cyt c and iodo-cyt c) in the system resulted in significant oxygen consumption (Fig. 9B-D Incubation of mitochondrial cytochrome c oxidase (CcO), ferricytochrome c, and an appropriate amount of an electron donor, such as ascorbate, resulted in oxygen consumption as indicated (Fig. 11) . The electron transport between reduced cyt c and molecular oxygen was catalyzed by CcO, and was sensitive to the presence of cyanide (Fig 11) . Oxygen consumption by CcO was greatly inhibited when the native cyt c was replaced with HOCl-oxidized cyt c, and inhibition was proportional to the ratio of HOCl/cyt c. More than 50% inhibition was detected at a ratio of 2, and nearly complete inhibitions were observed at a ratio of 8 (Fig. 11) . These results suggest that RHS-induced cyt c oxidation may interrupt the electron transport chain (ETC) and, thus, inhibit energy transduction in mitochondria.
DISCUSSION
In the current investigation, we provide the first direct evidence for the molecular mechanism of HOCl-induced protein oxidation for cyt c. We have used electrospray mass spectrometry (Fig. 3) to demonstrate that one oxygen is added to the protein at lower HOCl concentrations (HOCl/cyt c = 0.2-2, Fig. 3B ), while at increased reaction times or increased
HOCl concentrations, two oxygen molecules are added ( Fig. 3C and 3D ). (Fig. 10) .
In view of this enhancement, we employed ESR spectroscopy to evaluate the biochemical consequences of gaining peroxidative activity by protein oxidation of cyt c. We found that the cyt c-derived tyrosyl radical signal could be greatly enhanced when excess H 2 O 2 was reacted with HOCl-cyt c (Fig. 7) . The formation of the protein tyrosyl radical is presumably due to electron transfer from vicinal tyrosine residue(s) to the porphyrin cation radical of a HRP compound I-type intermediate. As HOCl-oxidized cyt c has higher peroxidative activity and higher affinity for H 2 O 2 , it would be expected to facilitate the formation of compound I-type species upon reaction with hydrogen peroxide.
Additional evidence supporting RHS enhancement of cyt c s peroxidative activity is provided by direct ESR spectra of the tyrosyl radical from modified cyt c or cyt c/H 2 O 2 /tyrosine (Fig. 8) . This result has physiological significance. Intracellular glutathione (GSH) in mammalian cells has concentrations as high as millimolar (55, 56) . The tyrosyl radical generated by HOCl-treated cyt c could oxidize GSH to yield the thiyl radical (GS ), which can potentially undergo further reactions to generate superoxide anion (eqs. 6, 7 & 8) . This potential was unequivocally confirmed when HOCl-cyt c or iodo-cyt c was introduced into the reaction system of H 2 O 2 /tyrosine/GSH where oxygen consumption was detected (Fig. 9) .
The pathophysiological role of cyt c-derived radicals remains to be defined. It has been speculated that they can contribute to lipid peroxidation of the mitochondrial membrane and indirectly cause permeability transition pores to induce pro-apoptotic events (19, 20) . Recently, oxidative stress involving cyt c has been linked to a molecular mechanism of protein aggregates 
